We constructed an apparatus to measure the wavelength dispersion of the Faraday rotation in the visible region, and determined the Verdet constants of diamagnetic organic liquids, including aliphatic compounds, benzene derivatives, and naphthalene derivatives. These three groups were easily distinguished by the magnitudes of their Verdet constants. Based on the theory developed by Serber, we determined the enhancing effect of π*←π transitions on the visible-light Faraday rotation angles observed for aromatic compounds. Furthermore, we propose a novel approach for simultaneously observing Faraday rotation dispersion and natural optical rotatory dispersion.
Introduction
Faraday rotation (FR) is an optical rotatory phenomenon occurring in a material subjected to a magnetic field parallel to the propagation of light. 1 In solid state physics and material science, magneto-optical effects, such as FR and the Kerr effect, have been widely employed as analytical tools for materials possessing spontaneous magnetization, because these effects are all strongly related to the direction of magnetization; examples include magnetic domains in ferromagnets, 2, 3 current vortices in superconductors, 4 and single confined spins in semiconductors. 5 The FR of paramagnetic and diamagnetic molecules has also been studied, mainly in the 1960s. [6] [7] [8] [9] [10] [11] However, the number of reports on the FR of feeble magnetic molecules has gradually decreased, because of the development of measurement techniques for magnetic circular dichroism (MCD), which indicates the difference in absorption between left and right circularly polarized light under a magnetic field parallel to the incident light. That is, MCD measures the same quantity as FR. 12 Furthermore, MCD can provide information on the characteristics of the absorption transition of a molecule. 13 Although MCD is a powerful tool for feeble magnetic molecules, and has been used to assign absorption bands, determine angular momenta of metal complexes, etc., FR still offers some advantages over MCD from the viewpoint of analytical science.
One merit is that FR spectra can be observed even in non-light-absorbing materials. For example, in a previous study, the FR of an aqueous solution of rare-earth ions was measured in the visible region, and a relationship was obtained between the observed molar Verdet constant and the magnetic susceptibility of the ions. 14 The FR transition probability was attributed to the 4f n-1 5d 1 ← 4f n transition of rare-earth ions in the UV region.
Other advantages of FR are that the rotation angle is proportional to the magnetic field and the rotation direction depends on the magnetic properties of the sample. Under a strong magnetic field, the FR signal increases, and can be easily measured using a polarizer and an analyzer, without the need for an amplifying method, such as a lock-in technique. A pulsed magnetic field is suitable for FR measurements because (a) a high magnetic field up to 15 T can be easily generated by a small homemade coil and a condenser bank, 15 (b) the pulse duration is sufficiently long for the measurement (~ms), and (c) a comparison with the baseline obtained at zero field is attained in each measurement. The magneto-optical effects under a pulsed magnetic field have been observed to study high-field effects, such as field-induced phase transitions from anti-ferromagnetism to paramagnetism, 16, 17 diamagnetic shifts of excitons in semiconductors, 18, 19 and magnetization dynamics in thin films consisting of FePt nanoparticles. 20 However, these studies have been conducted under very high magnetic fields of greater than 40 T.
In this study, we constructed an apparatus for measuring the FR dispersion in the visible region, and observed the FR dispersions of various diamagnetic organic liquids. Recently, Vandendriessche et al. reported on the FR dispersions of saturated organic liquids in the visible region, and proposed an empirical method to determine the FR angle from the structure of compounds using a connectivity index model. 21 Because their aim was to establish a method for predicting the FR angle, they did not discuss the cause of FR in colorless liquids in the visible region. In this study, the observed FR dispersions were analyzed on the basis of Serber's theory in order to clarify the dominant molecular property that determines the FR angles. Furthermore, we propose a new method for simultaneously determining FR and natural optical rotation in chiral samples. Figure 1a shows the experimental setup for the observation of FR dispersion under a pulsed magnetic field. The magnetic field was generated by a homemade air core solenoidal coil with a bore diameter of 1 cm. The coil was attached to a capacitor bank of 2000 μF (MAG-2520L-3A, Magnet Force). The strength of the magnetic field was controlled by adjusting the charging voltage on the capacitor to values of between 50 V and 400 V. The pulse duration was 0.5 ms, as shown in Fig. 1b . Collimated white light from a xenon lamp (MAX310, Asahi Spectra), acting as parallel light, was passed through a polarizer, a sample in the solenoid coil, and an analyzer. The light transmitted by the analyzer was guided into a polychrometer (Spectra Pro 300i, Acton Research) with an optical fiber, and was detected by an image-intensified charge-coupled device (PIMAX, Princeton Instruments). Liquid samples were held in a cylindrical cuvette made from Pyrex glass of 1-mm thickness and with an optical path length of 7 mm.
Experiments
The FR angle in a sample, θF, was obtained from the intensity of the transmitted light under the magnetic field, IB, and that under a zero field, I0, as follows:
Here, f is the angle between the polarizer and analyzer viewed from the light source. 22 In this study, the analyzer was set at 45 with respect to the polarizer. The timing to open the gate of the image intensifier was adjusted with a pulse generator (WF1974, NF Corp.) for synchronization with the pulsed magnetic field. After one pulse from a charging voltage of 400 V, the temperature of the coil increased from 25 to 30 C. The next pulse was applied after the coil was cooled with a fan. Measured spectra were accumulated from at least 50 pulses. The FR due to the cuvette wall was subtracted from θF. The applied magnetic field was determined from the FR angle of water, for which the Verdet constant has been reported by Ingersoll and Lievenberg. 23 In the absence of a sample, the value of IB/I0 was 1 in all observed spectral regions. This means that the influence of the leaked magnetic field on the optical elements can be neglected. The entire system was controlled by a program built by LabVIEW (National Instruments).
We examined 25 liquids, which were categorized into three groups: (a) benzene derivatives (benzene, o-dichlorobenzene, chlorobenzene, toluene, o-xylene, mesitylene), (b) naphthalene derivatives
(1-methylnaphthalene, 1-bromonaphthalene, 1-chloronaphthalene, 1-ethylnaphthalene, 2-ethylnaphthalene), and (c) nonaromatic compounds (methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, 1-octanol, n-hexane, n-heptane, n-decane, n-dodecane, acetonitryl, acetone, water).
R-(+)-1-, S-(-)-and racemic RS-(±)-1-phenylethanol
were used to demonstrate simultaneous observations of natural optical rotatory dispersion and FR dispersion. All liquids were colorless, and had no absorbance in the visible region between 400 and 650 nm. The organic liquids were all used as purchased without further purification. Water was purified by a Milli-Q system.
Results and Discussion

Validation of the measured FR angle
The FR angle is proportional to the magnetic flux density, B, and the optical path length, l, as expressed by
where V is the Verdet constant, which is an inherent property of materials. To determine the value of Bl, we first measured the Ec (T m), was obtained by the least-square method, and was used for calibrating the allied magnetic flux density.
Most measurement techniques for FR employ modulation of the magnetic field 24, 25 or the polarization state. 4, 21, 26 In these methods, an electromagnet under a weak magnetic field of ~100 mT is usually utilized in combination with a lock-in amplifying technique. Then, scanning of the wavelength is necessary to observe the dispersion of FR. On the other hand, the present method using a pulse magnet can easily generate a magnetic field larger than 1 T. Moreover, the scanning of wavelengths is not needed because the multichannel spectrophotometer can capture the FR dispersion. With the present setup, it took 5 min (averaging over 50 pulses) to acquire the FR dispersion at a charging voltage, Ec, of 100 V. This is comparable to the measurement time for the absorption spectrum using a moderate scanning speed. However, at Ec = 400 V, the measurement time was 30 min, because of the waiting time required for the coil to cool. Introducing a cooling system for the coil will improve not only the measurement time, but also the quality of the FR spectrum, because it would allow increasing the number of pulses per sample. Another way to reduce heat generation would be to use a condenser with a lower capacitance. This would decrease the pulse duration and suppress Joule heating by the current. In any case, a magnetic field with a pulse width of ~50 μs was found to be sufficient for FR measurements.
FR dispersion of organic liquids
To illustrate the use of FR as an analytical tool, we systematically measured the FR dispersions of 25 organic liquids. The results are shown in Fig. 3 . The measured FR angles were converted to Verdet constants by using Bl values determined from Fig. 2b . In the observed transparent spectral region, all samples exhibited clockwise rotation because they are all diamagnetic. On the other hand, paramagnetic ions should exhibit counterclockwise rotation.
14 Some of the observed dispersion spectra in Fig. 3 are in good agreement with those reported by other groups. 21, 27, 28 The observed spectra clearly separated into three groups based on their magnitude: naphthalene derivatives, benzene derivatives, and aliphatic compounds. Furthermore, it was indicated that aromatic groups have an increasing effect on the FR in the visible region. On the basis of Serber's theory, [29] [30] [31] we attempted to identify the main factor governing the FR of visible light.
Theoretically, the FR can be interpreted by three terms: the Faraday A-, B-, and C-terms. Far from the resonant wavelength, λjn, the Verdet constant obtained from the FR can be written as: 
Here, Na is Avogadro's number, C the molar concentration of the liquid [mol dm -3 ] , c the velocity of light in a vacuum, μ0 the magnetic permeability of the vacuum,  Planck's constant divided by 2π, and λ the wavelength of light. Further, A(j ← n), B(j ← n), and C(j ← n) are the Faraday A-, B-, and C-terms, respectively, corresponding to the absorption probability from the ground state, | n>, to the j-th excited state, | j>. The Faraday C-term is significant only for paramagnetic molecules.
14 Furthermore, because the Faraday A-term is attributed to the degeneracy in either a ground or an excited state, this term is larger for highly symmetrical molecules, such as a metal porphyrine. 32 Moreover, the A-term corresponding to excitation in the UV region, should not affect the FR in the visible region because the lineshape for the A-term is much narrower than that for the B-term. Therefore, in the present study we neglected the A-and C-terms, and analyzed the spectra shown in Fig. 3 on the basis of only the Faraday B-term.
Strictly, the Verdet constant is the summation of Eq. (3) over all j, but it is difficult to estimate the B-term of each absorption band from the observed FR dispersion. Therefore, we assumed that only one excited state mainly contributed to the observed FR in order to estimate an effective B(j ← n) value and a resonant wavelength, λjn, for each liquid. The inversion of both sides of Eq. (3) yields 
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The plots of V -1 against λ 2 gave straight lines for all liquids, as shown in Fig. 4 . From the intercept and slope, the effective B(j ← n) and the resonant wavelength, λjn, were estimated, and are summarized in Table 1 . The effective B(j ← n) values were all negative, which is consistent with the diamagnetic property of every liquid. The wavelengths of the absorption maxima in the UV region, which were measured in the present study or reported in the literature, [33] [34] [35] are also listed in Table 1 
Here, Im denotes the imaginary part, mz is the magnetic dipole operator parallel to the magnetic field, μx and μy are the electric dipole operators perpendicular to the magnetic field, Wkn is the energy difference between | k> and | n>, and Wkj is the difference between | k> and | j>. Equation (5) shows that B(j ← n) contains the magnetic and electric transition dipole moments, not only from a ground state to an excited state, but also from one excited state to another excited state. The first and second terms in Eq. (5) represent the contributions of mixing | k> into | n> and into | j>, respectively. a. The unit of B(j ← n) was 10 -3 (debye) 2 Bohr magneton/cm -1 and all values were negative. Figure 5 shows the energy level diagrams for naphthalene and benzene. In the figure, the excited states, which allow electric dipole transitions from the ground state, Ag, are indicated by solid lines. These transitions could be observed in the absorption spectra; also, from parity arguments, these molecular orbitals can mix with each other by the perturbations of a static magnetic field. The excited states, where a magnetic dipole transition from the ground state is allowed, are shown as dashed lines in the figure. Because the energies for the dashed lines cannot be observed in the absorption spectra, the calculated values were used. 36, 37 These orbitals can be mixed into the ground state, but the energy gap, Wkn, is very large compared with Wkj (see the energy gap between Ag and B3u and between La and Lb or Bb in Fig. 5) . Therefore, the first term in Eq. (5) should be small compared with the second term; therefore, it is sufficient to only consider the second term, which is attributed to the mixing of | k> into | j>. Because the parenthesis in the second term means the z-component, which is along the magnetic field, of the vector product of the transition moments, <n | μ | j> and <k | μ | n>, these moments must not be parallel so that the B-term does not become 0. For naphthalene, all transition dipole moments of the π*←π transition are in the aromatic plane, and <Ag | μ | La> is orthogonal to <Lb | μ | Ag>, <Bb | μ | Ag>, and <Cb | μ | Ag>. 38 Therefore, considering | La> as | j>, the B-term contains the summation for three | k>, i.e., | Lb>, | Bb>, and | Cb>, whereas only | La> is allowed for | k> in the case that | j> is | Lb>, | Bb>, or | Cb>. This should be one reason why the observed λjn was near the La band, i.e., B(La ← Ag) was dominant in the FR in the visible region. However, the Bb band was much more intense than the La and Lb bands in the absorption spectra; thus, the influence of B(Bb ← Ag) was not negligible because <Ag | μ | Bb> was large. This suggested that the observed λjns shifted shorter from the La band because of B(Bb ← Ag). For benzene, in the same manner, B(La ← Ag) played a dominant role, but B(Ba,b ← Ag) could not be neglected. The effective B(j ← k) values were comparable to or slightly larger than the B(La ← Ag) and B(Lb ← Ag) values measured with MCD for naphthalene and benzene derivatives, respectively. [39] [40] [41] This suggests that B(Bb ← Ag) and B(Ba,b ← Ag) were not negligible in the FR in the visible region.
The tendency of the effective B(j ← n) values for aliphatic liquids is similar to that of the molar absorption coefficient for the Rydberg transitions of n-alkane; 33 that is, the B(j ← n) values increase with the number of carbon atoms. This is attributed to the increase in the number of σ-electrons per molecule. The λjn values of aliphatic compounds are in the far-UV region and decrease with increasing number of carbon atoms. There is a large absorption band due to Rydberg transitions in the far UV region. 42 It is likely, but premature, to conclude that the dominant factor of the FR for aliphatic liquids in the visible region is Rydberg transitions, because the recently reported absorption maximum wavelength due to the Rydberg transition increases with the alkyl chain length. More precise measurements are necessary for further discussion, because the FR of aliphatic liquids were small, and the plots of V -1 against λ 2 were very noisy, as shown in Fig. 4 .
Simultaneous measurement of Faraday rotation and natural optical rotatory dispersion
In a chiral medium under a magnetic field, not only FR, but also natural optical rotation (NOR) occurs. Hence, the determination of the FR angle becomes more complex. The ratio of the detected light intensities under a magnetic field, IB, to that under the zero field, I0, can be expressed as
where α is the angle of natural optical rotation, and the subscript "p" indicates that the direction of the magnetic field is the same as that of the light propagation. The difference between Faraday rotation and natural optical rotation is their dependence on the magnetic field. On applying a magnetic field of the opposite direction, the direction of the Faraday rotation reverses, as indicated by Eq. (2), whereas the direction of natural optical rotation does not change. This fact can be used to determine the FR of a chiral compound. The sign of θF changes when the direction of the light is opposite (anti-parallel) to that of the magnetic field. Hence, measurements of both [IB/I0]p and [IB/I0]ap enable estimating θF and α simultaneously from the following equations: 
These can be derived from Eq. (3) and the corresponding equation for the anti-parallel situation. A plot of α against wavelength gives the optical rotatory dispersion (ORD).
To demonstrate the principle of the simultaneous observation of the FR and natural optical rotation, we measured the wavelength dispersion of IB/I0 for 1-phenylethanol under the parallel and anti-parallel configurations. As shown in Fig. 6 , for the parallel case, all [IB/I0]p values were larger than 1. This means that 1-phenylethanol exhibits a clockwise Faraday rotation consistent with a diamagnetic substance. The profiles of IB/I0 in Fig. 6 depend on the chirality of 1-phenylethanol. Thus, we have separated the FR from the natural optical rotation in the spectra of Fig. 6 , according to Eqs. (7) and (8) . 
Conclusion
We have developed a measurement technique for FR by using a pulsed magnetic field. The short pulse width of 0.5 ms for the magnetic field was sufficient to determine accurate FR dispersions by synchronizing the gate of an image intensifier with the pulsed magnetic field. Using this instrument, the FR dispersions of diamagnetic organic liquids were systematically investigated. Benzene derivatives, naphthalene derivatives, and aliphatic compounds were clearly discriminated by the magnitudes of their FR angles. Following the theory of FR developed by Sever, the values of the effective transition probabilities of B(j ← n) and the resonant wavelengths, λjn, were determined.
For the aromatic compounds, π*←π transitions, especially Bb ← Ag transitions in naphthalene derivatives and Ba,b ← Ag transitions in benzene derivatives, played a dominant role in the FR of visible light. For aliphatic compounds, the wavelength of λjn was shorter than the absorption wavelength attributed to the Rydberg transition. The excited state of higher energy is thought to be responsible for the FR of visible light, but more precise measurements are necessary to support detailed discussions. Note that FR can detect the resonance states in the UV region from measurements of the FR angles in the visible region.
Furthermore, the principle of simultaneous measurements of FR and ORD was demonstrated. This technique can be applied to FR imaging and chirality imaging, which are acquired simultaneously. As mentioned above, the observed FR in the visible region is attributed to transitions in the UV region. Measurements of FR dispersion in the visible region can detect the excited states of the organic liquids, which have usually been measured by UV absorption measurements. Furthermore, discrimination among aliphatic compounds, benzene derivatives, and naphthalene derivatives was successfully demonstrated. The visible-light FR method developed in this study is promising as an alternative to UV light absorption methods, which are widely used as detectors in HPLC and CE. (7) and (8) .
The average values of the magnetic field along the optical path are indicated.
